Introduction
Verbal working memory involves the temporary storage and management of information, which is an essential component of higher cognitive functions [1] . Impairments in working memory are a common feature of depression [2] , and functional neuroimaging studies have revealed increases in cortical activity or an attenuation in the decreases in limbic activity [3] [4] [5] . In particular, Harvey et al. [3] noted greater activity in the anterior cingulate and left inferior frontal gyri when cognitive demands were at the highest level. Similarly, Walsh et al. [5] found increased left inferior frontal and posterior cortical activity with increasing task difficulty, and Rose et al. [4] observed an attenuation in the decrease in rostral anterior cingulate activity.
The functional neuroanatomy of verbal working memory is a relevant candidate as a diagnostic biomarker of depression because of the prevalence of cognitive impairments in depression [2] , identification of its neurocognitive circuit in healthy individuals [6] , and the observation of distinct regional abnormalities within its neural network in depression [3] [4] [5] . As a potential diagnostic biomarker, the pattern of activity in depression must be sufficiently discriminant from the neural pattern in healthy controls such that the brain scan from a novel subject will be accurately ascribed to either the patient or healthy group. Support vector machine (SVM) is a statistical method which delineates the optimal boundary separating two conditions that is particularly effective in high-dimensional settings, such as functional neuroimaging data [7] . In psychiatric disorders, high patient classification has been achieved in schizophrenia with structural neuroimaging data (accuracy 81%) [8] and in substance abuse with a monetary reward task (accuracy up to 83%) [9] . With implicit processing of sad faces, we found an accuracy of 86% in the classification of depressed patients and healthy controls [10] .
In this study, we sought to examine the sensitivity and specificity of the diagnosis of depression achieved with the neural correlates of verbal working memory. We expected significant discrimination between patients and healthy controls, but at a reduced accuracy relative to the affective processing task [10] as cognitive impairments are more of a secondary feature of depression and the severity and neural abnormalities are less extensive than those in schizophrenia [11] . As patients had participated in a longitudinal treatment study, we also examined whether the neural activation pattern during an acute depressive episode significantly distinguished their subsequent clinical response to antidepressant medication [5] .
Methods
Patients were 20 right-handed individuals (mean age 43.7 years, SD 8.6; 14 women) meeting Diagnostic and Statistical Manual of Mental Disorder-IV criteria [11] for major depression by Structured Clinical Interview for Diagnostic and Statistical Manual of Mental Disorder-IV [12] , in an acute episode of moderate severity, with a minimum score of 18 on the 17-item Hamilton Rating Scale for Depression (HRSD) (mean HRSD 21.2, SD 2.4) [13] . All patients were free of psychotropic medication for a minimum of 4 weeks at recruitment. Healthy controls were 20 right-handed individuals (mean age 43.7 years, SD 8.3; 13 women) with no history of psychiatric disorder, neurological disorder or head injury resulting in a loss of consciousness, and an HRSD score o7 [mean HRSD 0.3 (0.6)]. All participants were recruited by advertisement from the local community, and the patient group were all outpatients participating in a prospective treatment study of depression with fluoxetine, and clinical response was defined as a Z50% improvement in HRSD at week 8 [5] . All participants provided written informed consent in accordance with the guidelines of the Institute of Psychiatry and South London and Maudsley NHS Trust Ethics (Research) Committee.
Verbal working memory task
In a blocked design, 14 letter stimuli were presented at an interstimulus interval of 2 s in 30-s epochs for each condition. In the baseline condition (0-back; X), participants were required to press a button with their right index finger when the letter 'X' appeared. In the experimental conditions (1, 2, 3-back), participants were required to press the button if the presented letter was the same as the letter presented n trials previously (n¼1
Conditions were presented in the order: XAXBXCXBXAXCXBXCXA.
Functional MRI data acquisition 180 T2*-weighted image volumes were acquired in singleshot, gradient echo echoplanar imaging on a neurooptimized 1.5 T GE LX System (General Electric, Milwaukee, Wisconsin, USA) at the Maudsley Hospital, South London and Maudsley NHS Trust, London, UK. Each volume consisted of 16 noncontiguous axial planes parallel to the intercommissural plane: repetition time 2000 ms, echo time 40 ms, slice thickness 7 mm, slice skip 0.7 mm, in-plane resolution 3 Â 3 mm. To facilitate coregistration, a 43-slice, high-resolution inversion recovery echo planar image of the whole brain was acquired: repetition time 16 000 ms, echo time 73 ms, TI 180 ms, slice thickness 3 mm. Fig. 1 Cerebral regions showing the greatest contribution to the neural pattern of activation that distinguished depressed patients and healthy controls are presented. The map shows the functional neuroanatomy of the 2-back condition as modeled by the blood oxygenation level-dependent response convolution model. Colour bar indicates those regions having a relatively higher activation in patients coloured in red and regions with a relatively higher activation in healthy controls coloured in blue. As the relative contribution of a region approaches zero, the colour becomes transparent.Voxels with an absolute value of the weight vector score greater than 30% of the maximum across all voxels are presented.The cluster extent threshold is equivalent to 10 contiguous voxels in the original acquisition resolution (693 ml).
Functional MRI data analysis
The fMRI data were realigned, transformed into a standard space [14] , smoothed using an 8-mm isotropic Gaussian filter in SPM5 (Wellcome Department of Imaging Neuroscience, London, UK), and a mask was applied to select intracerebral voxels. Two strategies were applied for constructing training and test samples for the SVM analysis [10] . Blood oxygenation level-dependent convolution models were created using SPM5 canonical haemodynamic response function. Each level of difficulty was modeled as a separate regressor, and regression coefficients for linear and quadratic modulation of the cognitive demand were modeled. To examine the contribution of individual trials in each condition, the mean volume for each repetition of each level of difficulty was computed after subtraction of the mean of prior and successive control blocks to account for baseline variability.
Patient classification was examined in the depressed patient (n¼20) and healthy control (n¼20) groups. We also examined the prediction of treatment response by categorizing patients at baseline according to their clinical response at study completion (n¼9 patients) in each group [5] .
Principal components analysis (i.e. singular value decomposition) was used to reduce the dimensionality of the data [15] . All volumes were projected onto the principal components, and the SVM training and testing was performed in this lower dimensional basis [16] . Linear kernel SVM was applied using the SVM toolbox (http:// ida.first.fraunhofer.de/Banton/software.html) for Matlab (v7.1, MathWorks, Massachusetts, USA) [17] . The SVM classifier was trained with leave-one-out cross-validation. For each cross-validation iteration, the data were partitioned into training and test sets, excluding a different participant from each group each time on which the accuracy of the classifier was evaluated. This process was repeated leaving each participant out once, allowing an accuracy measure to be determined based on the number of test examples correctly classified over all trials. Statistical significance was determined by permutation testing. A map of the brain regions with the greatest contribution to the classification results was generated by an inverse principal components analysis [10, 17] .
Results
Diagnostic classification of patients reached a sensitivity of 65% and specificity of 70% (Po0.009) with the blood oxygenation level-dependent convolution model at the midlevel of difficulty (2-back), which corresponded to a distributed network of cerebral regions involved in verbal working memory (Fig. 1, Tables 1 and 2 ).
The prediction of clinical response showed a trend towards significance (P¼0.069) with a sensitivity of 56% and specificity of 78% with the linear load-response modeling. At the highest level of task difficulty (3-back), there was significant classification of clinical response (Po0.003) with a sensitivity of 85% but a specificity of 52% (Tables 3 and 4) .
Discussion
The functional neuroanatomy of verbal working memory as measured by fMRI distinguished depressed patients from healthy controls at a statistically significant level. The clinical utility of an fMRI-based diagnostic test using working memory correlates would be limited by its modest sensitivity and specificity, despite the well-defined neuropsychological and functional neuroimaging abnormalities in depression [2] [3] [4] [5] . The sample in this study though consisted of patients with a moderate severity of depression who were all outpatients, and the diagnostic accuracy may be higher in patients with a greater severity of depression. The findings contrast with our previous report in which the neural circuitry of sad facial processing generated robust diagnostic classification [10] , supporting the essential feature of affective processing impairments in depression. These methods though may provide a better definition of subtypes of depression based on biological and clinical factors, but must also be able to discriminate between different diagnostic categories. As a predictive marker of clinical response, the pattern of brain activity with increasing task difficulty showed a trend towards significance in patients during an acute depressive episode. The finding supports our previous observation that linear load-response activity in the anterior cingulate, prefrontal and temporal regions is predictive of clinical response [5] . Notably, at the highest level of difficulty, there was statistically significant discrimination of clinical response which was associated with greater activity in the subgenual anterior cingulate cortex in patients who subsequently showed a good clinical response. Specificity was, however, low indicating that patients with a poorer clinical response had a less homogeneous pattern of activity than those with a good clinical response. A main limitation though was the reduced size of the sub-sample of patients who were categorically divided as showing a good or poorer clinical response. With a larger sample, greater clinical distinction of treatment response may be possible, and thus the application of the neural circuitry of verbal working memory for predicting clinical response may be more promising.
Conclusion
The functional neuroanatomy of verbal working memory provides a statistically significant but clinically moderate contribution as a diagnostic biomarker for depression, whereas its potential as a neural predictor of clinical response seems promising but requires further investigation. Voxels with an absolute value of the weight vector score greater than 40% of the maximum across all voxels are presented. BA, Brodmann's Area; HRSD, Hamilton Rating Scale for Depression.
